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BACKGROUND OF THE INVENTION 



%y 1 . Field of the Invention 

The present invention relates, in general, to photonic device manufacturing methods 
5 and, in particular, to methods for shifting the bandgap energy of quantum well layers and 
O photonic devices and photonic integrated circuits formed thereby. 

J"- 2. Description of the Related Art 

ry In the manufacturing of photonic devices, it is often desirable to employ processes 

f4 that facilitate the monolithic integration of multiple photonic devices on a single substrate. 

This monolithic integration increases the yield, performance and fimctionality of the photonic 
devices and reduces manufacturing cost. The multiple photonic devices can include active 
photonic devices (e.g., lasers, optical intensity modulators, optical phase modulators, optical 
switches, optical amplifiers, optical saturable absorbers, optical pulse reconditioners, optical 
wavelength converters, phosistors [photon transistors], variable optical attenuators, optical 
25 detectors) and passive photonic devices (e.g., optical waveguides, optical gratings and optical 
splitters, optical beam couplers, multi-mode interference devices, optical polarizers, optical 
polarization beam splitters, optical wavelength filters and optical resonators). 



30 integration of multiple photonic devices, however, usually requires that photonic devices with 
different III-V semiconductor material characteristics (e.g., different bandgap energies) be 
formed on a single substrate. For example, to monolithically integrate a photonic laser device 
and a passive optical waveguide device, the photonic laser device must contain active III-V 



Photonic devices are typically made up of III-V semiconductor materials. Monolithic 
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m 

semiconductor materials that emit light at a particular lasing wavelength, while the passive 
optical waveguide device must contain passive III-V semiconductor materials that are 
transparent to the light emitted from the photonic laser device. Therefore, the 
emission/absorption wavelength of the III-V semiconductor materials in the photonic laser 
5 device must be different from that of the III-V semiconductor materials in the passive optical 
waveguide device. 

The emission/absorption wavelength of III-V semiconductor materials is determined 
by their bandgap energy. Thus, monolithically integrating multiple photonic devices on a 
10 single substrate requires a process for shifting the bandgap energy (and thus the bandgap 

wavelength) of a selected substrate portion to a value different from that of another substrate 
portion. Such a process is often referred to as "bandgap engineering." 

. ^ 

r[ One approach to bandgap engineering is called "Quantum Well Intermixing (QWI)". 

W Photonic devices typically have a quantxun well (QW) structure that includes a quantum well 
Q layer disposed between (i.e., sandwiched between) two barrier layers. The barrier layer has a 

larger bandgap energy than the quantum well layer and acts as a potential barrier to confine 
C3 electrons, in the quantum well layer. QWI shifts the bandgap energy of a quantum well layer 
m in selected areas by intermixing (i.e., interdiffiising) the atoms between the quantum well 
W layer and its adjacent barrier layers. 

Figures 1 A and IB are energy diagrams for a quantum well structure 10 with a single 
quantum well layer 12 and barrier layers 14 before and after an exemplary QWI process, 
respectively. Before the QWI process, barrier layers 14 and quantimi well layer 12 have 
25 abruptly different transition energies, resulting in a square-shaped finite energy potential well 
(see FIG. 1 A). As is well known to those skilled in the art, such a square-shaped finite 
energy potential well has a quantitized transition energy (labeled Eginit in FIG. 1 A) that is 
dependent on the thickness of the quantum well layer 12. 

30 During the exemplary QWI process, the square-shaped finite energy potential well 

structure of FIG. 1 A is converted to a parabolic-shaped finite energy potential well structure, 
as shown in Figure IB. Because of the conversion from the square shape to the parabolic 
shape, the effective thickness of the quantum well layer 12 is modified and typically becomes 
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narrower. This results in a shift in the transition energy Eginit to a new transition energy 
EgQwi, thus providing the desired shift in bandgap energy and bandgap wavelength. 

One conventional QWI process is referred to as Impurity Induced Disordering (lED). 
5 This process first involves the creation of crystal site vacancies known as point defects. As is 
well known to those skilled in the art, the atoms in a semiconductor material form a crystal 
structure and are arranged in a periodic lattice-like fashion. In the case of III- V 
semiconductor materials, two types of atoms, namely the group III atoms and the group V 
atoms, are arranged to occupy altemating lattice sites in the crystal structure. These group III 
10 and group V atoms exchange electrons and exist as electrically charged ions at the lattice 
sites. In the case of Aluminum Gallium Arsenide (AlGaAs), the Al and Ga atoms are from 
group III and the As atom is from group V. In the case of Indium Gallium Arsenide 
^ Phosphide (InGaAsP), the In and Ga atoms are from group III and the As and P atoms are 
;^ from group V. A "crystal site vacancy" is formed when an ion is missing from a lattice site. 
tB Such a crystal site vacancy can be formed, for example, by knocking an ion off its site to an 
f3 "interstitial space" in the crystal structure. A single isolated vacancy or a small group of 
^~ vacancies is called a "point defect." A point defect carries the opposite electric charge of the 
Q missing ion. 

lO A point defect can move around in the crystal structure when the crystal structxire is 

12 heated. Heating can cause the atoms in the sample to vibrate violently. Under such thermal 
vibration, an atom from a lattice site close to the vacancy may move into the vacancy and fill 
the vacancy (i.e., void). The original site of the atom then forms a new vacancy or point 
defect, resulting in an effective movement of the point defect from one lattice site to another. 
25 Before QWI can happen, point defects are either created at the quantum well structure or 
migrated to the quantum well structure (for example, to the boundary between a quantimi 
well layer and a barrier layer) via a thermal process. 

After the above-mentioned process of having the point defects at the boundary 
30 between the quantum well layer and a barrier layer, a subsequent high-temperature crystal 
annealing step is needed to cause quantum well intermixing (QWI) to occur. Upon high 
temperature annealing, thermal energy causes some of the point defects in the barrier layer to 
be filled by atoms from the quantum well layer and the point defects in the quantum well 
layer to be filled by atoms from the barrier layer. In addition, some of the interstitial atoms 
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with opposite charge will also migrate down to meet with some of the vacancies and heal 
(i.e., fill) the vacancies. On the other hand, some of the vacancies will migrate deep down to 
the substrate and become diluted out. In short, this annealing process causes an effective 
exchange (or "intermixing") of the atoms between the quantum well layer and the barrier 
5 layer(s), resulting in a shift of the bandgap energy to a higher value. 

More specifically, in a conventional IID process, the creation of the crystal site 
vacancies (i.e., point defects) is typically accomplished by introducing impurity atoms/ions 
into the quantum well structure usi ng a ro omtgmpergti^ The 
10 ion implantation step is followed by a high temperature anneal step, typically conducted at a 
temperature of around 800 °C for a GaAs and AlGaAs based quantum well structure, or 
around 600 "^C for an LiGaAs and InGaAsP based quantum well structure. Li such a 
3 conventional IID process, donor ion species (e.g., Si^and acceptor ion species (e.g., Zn) have 
rf been utilized. These donor and acceptor ion species are known as shallow-level ion species, 
f i because they have a relatively low energy of ionization in III-V material semiconductors. 
Q During the high temperature anneal step, some of the point defects created by the implanted 
''^ atoms/ions, the interstitial ions (i.e., those ions knocked fi-om their lattice sites) and the 
Q implanted atoms/ions, will diffuse into the quantum well layer and barrier layers and promote 
m intermixing (or interdiffusion) between atoms in the quantum well layer and the barrier 
10 layers. 

The use of high-energy and/or high dose (i.e., a dose of greater than 1x10 cm' ) ion 
implantation in conventional IID processes is known, however, to cause severe damage in the 
quantimi well structure. The more severe damage includes crystal defects known dis loops, 
25 lines, complexes and clusters. In general, these crystal defects are referred to as "complex 
defects." 



Conventional ion implantation based IID processes have several drawbacks. These 
drawbacks include difficulty in producing: (i) a low-loss waveguide photonic device due to 
30 fi-ee carrier absorption from implanted shallow-level ion species and scattering loss from 
complex defects induced by the lED process; (ii) photonic devices with controlled electrical 
characteristics (e.g., a desirable electrical conductivity or pn-jimction properties) due to the 
aforementioned free carriers and complex defects, as well as due to re-distribution of dopants 
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during the high temperature anneal step; and (iii) a photonic device with a high quahty gain 
layer due to the IID process-induced complex defects, which create carrier recombination 
centers resulting in shorter carrier lifetime and lower optical gain. 

Active or passive photonic devices such as amplifiers, lasers, detectors, modulators, 
couplers, transparent waveguides, and many others, require either good electrical 
conductivity, low waveguide loss, or high optical gain. The conventional ion implantation 
based IID processes do not adequately produce high quality photonic devices either in the 
form of single device or integrated multiple devices. 

The main criteria needed for a QWI process to achieve high quality photonic devices 
can be more specifically described as follows: 

(i) The QWI process must be capable of producing low loss passive waveguides with 
losses of lower than 4 dBcm"\ 

(ii) The active gain QW structure must not be drastically affected by the QWI 
process. It is typically desirable to have a gain deterioration after the QWI process of no 
more than 50% of the original gain value. 

(iii) The resolution in the wavelength shift has to be relatively high. A process that 
can control wavelength shift with a resolution accuracy of better than 10 nm is typically 
desirable. 

(iv) It is desirable to achieve a large enough wavelength shift to produce transparent 
or low loss passive waveguides. Typically for low loss passive waveguides, it is desirable to 
have wavelength shift of >100 nm. Another reason for desiring a large wavelength shift is to 
be able to produce active devices that can operate throughout a large part of the optical 
commxmications sub-band. A typical requirement to cover a reasonable part of the optical 
communications sub-band is to have a wavelength shift of >50 nm. 

(v) It is desirable for the process to be capable of producing more than two optical 
emission/absorption wavelengths on a single substrate (e.g., wafer) so that more than two 
different types of semiconductor photonic devices can be integrated on a single chip. 

(vi) The process must be able to shift the wavelength of QW structures that are 
placed substantially away firom an upper surface, as most of laser and waveguide structures 
have a relatively thick upper cladding layer. A typical requirement would be the capability 
of inducing QWI for QW structures that are placed 1.5 |im away fi-om an upper surface. 




(vii) Recently, there has been increasing interest in making small photonic integrated 
devices monolithically on a single wafer. In order to achieve a high-density of integration, 
the process must be capable of shifting the optical wavelength with high spatial selectivity 
(i.e., resolution) on a very small area. This spatial resolution requirement will be dependent 
5 on the critical dimensions of the devices. For a conventional device, a typical resolution 
requirement will be 3-5 fim. For photonic devices with submicron feature sizes, such as 
grating or nano-scale photonic devices, the resolution requirement would be less than 3 |im. 

The conventional IID process cannot adequately achieve the majority of criteria (i)- 
(vii). For example, conventional IID processes can achieve criteria (iii) and (iv), but have 
10 difficulty in satisfying criteria (i), (ii), (v) and (vi). 

Still needed in the field, therefore, is a method for shifting the bandgap energy of a 
quantum well layer without inducing complex defects or generating significant free carriers. 
^.D In addition, the method should avoid the redistribution of dopants into the quantum well layer 
and satisfy the majority of criteria (i)-(vii) above. 

Q BRIEF SUMMARY OF THE INVENTION 

O The invention described herein circumvents the various difficulties encountered by 

fU the previous methods by the use of a new process referred to as thermally assisted 

implantation vacancy induced disordering (TAIVID). In processes according to the present 
invention, disadvantages associated with prior methods are addressed. 

The inventive TAIVID process described herein reduces the formation of complex 
crystal defects in QW structures formed of, for example, III-V semiconductor materials by 
25 employing in-situ heating (i.e., an elevated temperature) to spread out the spatial distribution 
of the point defects created during an ion introduction (e.g., ion implantation) step. 

An embodiment of the present invention provides a process for shifting the bandgap 
energy of a quantum well layer without inducing complex defects or generating significant 
30 free carriers. In addition, the process avoids the redistribution of dopants into the quantum 
well layer. The process includes introducing ions (e.g., deep level ion species) into a QW 
structure at an elevated temperature typically from about 200 °C to near the crystal damage 
temperature. The crystal damage temperatures can vary widely depending on the crystal 
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materials. For InP/InGaAsP materials, the crystal damage temperature is at about 750 °C. 
For GaAs/AlGaAs materials, the crystal damage temperature is at about 950 °C. The QW 
structure includes an upper barrier layer, a lower barrier layer and a quantvmi well layer. The 
quantum well layer is disposed between the upper barrier layer and the lower barrier layer. 
5 The QW structure is then thermally annealed, thereby inducing quantum well intermixing 
(QWI) in the QW structure and shifting the bandgap energy of the quantum well layer. 

In one aspect of the present invention, the in-situ heating is provided with the ions 
implanted <0,5 |am away from a QW structure. This ion implantation condition is referred to 
10 as direct-well implantation and the process is called Direct- Well TAIVID (DW-TAIVID). 



In another aspect of the present invention, the in-situ sample heating is performed 
with the ions being implanted > 0.5 \xm away from a QW structure. This ion implantation 
r1 condition is referred to as indirect-well implantation and the process is called Indirect- Well 
Ipl TAIVID (IDW TAIVID). The in-situ heating helps to drive-in the point defects towards the 
Q QW structure, which will allow the subsequent QWI to occur at a relatively low ion 

implantation dose even in the case where the QW structure is located at substantially away 
S from the top wafer surface. The introduction of an implanted impurity > O.S^im away from 
ry the QW structure helps to fiirther reduce the formation of complex crystal defects at the 
M quantum well that can cause damage to the active QW structure layers. Indirect-well 
1==^ implantation can be achieved with relatively low implantation energy so that low-energy 
implantation equipment can be used, which reduces the cost of the process. Thus, this 
process permits relatively low ion doses and low implantation energies to be used while still 
achieving the needed point defect concentration at the quantum well structure so that a high 
25 degree of intermixing or wavelength shift (-100 nm or -60 meV) can occur during a 
subsequent annealing step. 

Indirect-well implantation processes tend to have low spatial resolution as the ions 
spread (smear) out laterally when migrated to a QW structxire. In as yet another aspect of the 
30 present invention, the in-situ sample heating is done with a patterned stress-inducing mask on 
a substrate (e.g., wafer) that includes a QW structure in order to achieve high spatial 
resolution for the subsequent QWI. The edges of the patterned stress-inducing mask cause 
material stress in the substrate and form stress field lines oriented in a direction 
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perpendicular to the substrate surface (i.e., the vertical direction). These vertical stress field 
lines tend to limit the diffusion of point defects horizontally, since it is hard for the point 
defects to move across the vertical stress field lines. As a result, the vertical stress field 
reduce the lateral diffiision of point defects during ion implantation, thereby resulting in high 
5 spatial resolution for an area-selective wavelength shift. 

In as yet another aspect of the present invention, the in-situ sample heating is 
performed with deep-level ion species, such as As, P, B, F, Xe, Ar and Ga. Deep-level 
species are not easy to ionize at room temperature and hence will not give rise to much firee 
10 carriers in III-V semiconductor. This drastically reduces the concentration of fi-ee carriers in 
the material compared to shallow-level species such as Si, Zn, Be, Ge, Sn and S. The 
reduction of firee carrier density with use of deep-level species reduces the optical loss in the 
waveguides. Thus this embodiment of the present invention provides a process for shifting 
i1 the bandgap energy of a quantum well layer without inducing complex defects or generating 
Ip? significant free carriers. 

f 

In as yet another aspect of the present invention, the TAIVID method is applied to 
O shift the optical wavelength of the QW structure by up to 100 nm with the QW gain 

ry deteriorated by less than 50%. 

fn 

m 

U In as yet another aspect of the present invention, the TAIVID method is applied to 

produce low loss waveguides. 

In as yet another aspect of the present invention, the TAIVID method is used to shift 
25 two or more different areas on the wafer to several different emission/absorption 

wavelengths, resulting in a plurality of active and passive photonic devices integrated on a 
single substrate. The active devices include lasers, optical intensity modulators, optical phase 
modulators, optical switches, optical amplifiers, optical saturable absorbers, optical pulse 
reconditioner, optical wavelength converter, phosistors (photon transistors), variable optical 
30 attenuators, timable optical filters or resonators, and optical detectors. The passive optical 
devices include optical waveguides, optical gratings, optical splitters, optical beam couplers, 
multimode interference devices, optical polarizer, optical polarization beam splitter, optical 
wavelength filters, and optical resonators (in the form of ring, disk, race-track, or linear 
configurations). 
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In a conventional ion implant based IID process, an ion implantation dose of 1x10 
cm'^ (i.e., 1x10^^ number of implanted ions per surface square centimeter) is required to 
induce the QWI effect. The ions that enter a quantum well structure occupy a region with a 
5 thickness of approximately 0.1 micrometer (or 10"^ cm). This results in a volume 

concentration of greater than 1x10^^ cm"^ (i.e., greater than 1x10^^ implanted ions per cubic 
centimeter). Each ion knocks off approximately one or more atoms from their crystal sites, 
creating a crystal site vacancy concentration (also referred to simply as "vacancy 
concentration") of greater than 1x10^^ cm*^ (i.e., greater than 1x10^*^ crystal site vacancies per 
10 cubic centimeter). At this crystal site vacancy concentration, it is highly likely for crystal site 
vacancies to agglomerate together, thereby forming larger aggregates and undesirable 
complex defects. It has been postulated that such vacancy agglomeration occurs in III-V 
semiconductor materials at a crystal site vacancy concentration of about 6x10^^ cm'"'. That is, 
when the crystal site vacancy concentration exceeds 6x10^^ cm'^, the aforementioned 

c ; 

Wi complex defects will begin to form extensively. Therefore, such a level of crystal site 
^ vacancies is referred to as the critical Complex-Defect-Formation (CDF) concentration. 

f3 In a process according to one exemplary embodiment of the present invention, the 

j;i vacancy concentration generated during the ion introduction step (e.g., an ion implantation 
2D step) is maintained below the critical CDF concentration by performing the ion implantation 
tJ at an elevated temperature. Performing the ion implantation with the quantxim well structure 
at an elevated temperature results in thermal diffusion of the crystal site vacancies 
simultaneously with the generation of additional crystal site vacancies. The crystal site 
vacancies are, therefore, prevented from reaching the critical CDF concentration, even when 
25 ion doses of greater than 1x10^^ cm'^ are employed. 

A better understanding of the features and advantages of the present invention will be 
obtained by reference to the following detailed description that sets forth illustrative 
embodiments, in which the principles of the invention are utilized, and the accompanying 
30 drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIGs. 1 A and IB are energy diagrams depicting bandgap energy versus depth for a 
quantum well structure, before and after quantum well intermixing (QWI), respectively; 
FIG. 2 is a flow diagram illustrating a process in accordance with the present 
5 invention; 

FIG. 3 is a cross-sectional view illustrating the ion implantation step in the process of 
FIG. 2 with arrows indicating the direction of ion implantation; 

FIG. 4 is a graph of vacancy concentration versus depth in a quantum well structure 
for crystal site vacancies created by ion implantation at room temperature (i.e., without in-situ 
10 heating) and crystal site vacancies created with in-situ heating according to one exemplary 
embodiment of the present invention; 

FIG. 5 is a graph of wavelength shift versus vacancy concentration (calculated for 
^3 samples implanted at room temperature) for Table 1 samples implanted at 200 °C and Table 1 
samples implanted at room temperature; 

FIG. 6 is a graph of wavelength intensity versus wavelength for as-grown and 
□ intermixed samples of Table 2; and 

'^^ FIG. 7 is a graph of threshold current density versus reciprocal cavity length for 

O intermixed and as-grown samples of Table 2. 

m FIGs. 8A-8B illustrate stages in an exemplary process according to the present 

invention. 

U FIG. 9 depicts an exemplary photonic integrated circuit that includes a low-loss 

waveguide, a 1x2 multi-mode interference (MMI) couple, an optical amplifier and an optical 
modulator. 

FIGs. lOA-lOH illustrates an exemplary fabrication process to form the three bandgap 
25 PIC of FIG. 9 using a process according to the present invention present. 

DESCRIPTION OF THE SPECIFIC EXEMPLARY EMBODIMENTS 

Described herein are various exemplary processes and embodiments of the inventive 
30 TAIVID process. The processes can, for example, be used to monolithically integrate various 
photonic devices on the same substrate (e.g., a wafer), wherein the various photonic devices 
possess different quantum-well bandgap energies. 
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To be consistent throughout the present specification and for clear understanding of 
the present invention, the following definitions are hereby provided for terms used therein: 

The term "deep-level ion species" refers to atomic species that are not ionized in III-V 
semiconductor materials at room temperature; and 
5 The term "shallow-level ion species" refers to atomic species that become electrically 

active at room temperature. 

The term "indirect-well implantation" refers to a process which utilizes an 
implantation condition for which the range of peak impurity and/or vacancy concentration is 
placed > 0.5 |j.m away fi-om a quantum well structure. 
10 The term "direct-well implantation" refers to a process which utilizes an implantation 

condition for which the range of peak impurity and/or vacancy concentration is placed at < 
0.5 |im away fi-om a quantum well structure. 
^.D The term "high spatial resolution" refers to a wavelength shift that affects a lateral 

1:=^ area with a resolution smaller than 3 microns. 

15; The term "low spatial resolution" refers to a wavelength shift that affect a lateral area 

p with a resolution larger than 3 microns. 

C\ FIG. 2 illustrates a flow of a process 100 for shifting the bandgap wavelength of a 

-^y quantum well layer in accordance with one exemplary embodiment of the present invention. 

til 

m Process 100, as shown at step 110 of FIG.* 2, as well as in FIG. 3, includes first implanting 
ions into a quantum well structure 200 at a temperature in the range of from about 200 °C to 
near the crystal damage temperatxure of InP/InGaAsP materials at about 750 ""C. 

Quantum well structiure 200 includes an upper cladding layer 202, an upper barrier 
25 layer 204, a quantum well layer 206 and a lower barrier layer 208. Quantimi well layer 206 is 
disposed between (i.e., sandwiched between) upper barrier layer 204 and the lower barrier 
layer 208. Upper barrier layer 204, quantum well layer 206 and lower barrier layer 208 can 
be formed of any suitable III-V semiconductor material known to one skilled in the art. For 
example, upper barrier layer 204 and lower barrier layer 208 can be formed of InGaAsP (or, 
30 altematively, InP) and quantum well layer 206 can be formed of InGaAs (or, instead, 

InGaAsP). Altematively, upper barrier layer 204 and lower barrier layer 208 can be formed 
of AlGaAs, AlGalnAs, AlGalnP, or GaAsP and quantum well layer 206 can be formed of 
GaAs, AlGaAs, AlGalnAs, AlGalnP, or GaAsP. In addition, processes in accordance with 
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the present invention can be employed with a quantum well structure that include a plurality 
of quantum well layers (e.g., five quantum well layers), each sandwiched between two barrier 
layers. 



5 A typical thickness for quantum well layer 206 is in the range of a few angstroms to 

about 120 angstroms. A typical thickness for upper barrier layer 204 and lower barrier layer 
208 is in the range of a few angstroms to 250 angstroms or thicker. 

A primary function of the ion implantation step 1 10 is to generate point defects in 
10 quantum well structure 200. The ion species used in ion implantation step 110 can be any 
suitable shallow-level ion species (e.g., Si, Zn, Be, Ge, Sn and S) or deep-level ion species 
(e.g., B, F, Ga, As, P, Xe, N, O and Ar) known to one skilled in the art. However, since 
"5 deep-level ion species are not easily ionized at room temperature, their use provides the 

additional benefit of reducing the free carrier concentration in quantimi well structure 200, in 
tu 15 comparison to the use of shallow-level ion species. Further, such a reduction of fi'ee carrier 
ii concentration with the use of deep-level ion species also lowers optical loss in waveguides 

manufactured from quantum well structure 200. 



Arsenic (As), gallium (Ga), phosphorus (P) and Xenon (Xe) are especially beneficial 
Cm 20 deep-level ion species for use in process 100. Arsenic and phosphorus are matrix elements of 
1^^ III-V semiconductor materials and are expected to recombine with other constituent elements 

in quantum well structure 200 to form part of the lattice during a subsequent thermal 
annealing step. Arsenic, gallium and phosphorus are also expected to carry no charge state 
and, therefore, not to contribute to undesirable free carrier absorption at room temperature. 
25 Xenon is also especially beneficial since it has a relatively large atomic mass ( i.e., 132) and 
is, therefore, expected to exhibit a low lateral straggle length (i.e., lateral penetration into the 
substrate) during ion implantation step 110 and to create a high concentration of point 
defects. In addition, since the diffusion coefficients of As, P and Xe in III-V semiconductor 
materials are relatively low, ion- diffusion induced QWI in the imdesirable lateral direction is 
30 expected to be minimal. 



Ion implantation step 1 10 is conducted at a temperature of from about 200 °C to about 
500 °C which is near the damage tempereture of 750 °C, in order to spread out the spatial 
distribution of point defects generated during the ion implantation. FIG. 4 graphically 
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illustrates such a spreading of the spatial distribution, namely vacancy concentration versus 
depth in a quantum well structure for crystal site vacancies created by ion implantation at 
room temperature (i.e., without in-situ heating) and crystal site vacancies created with in-situ 
heating according to one exemplary embodiment of the present invention. As a result of this 
5 spreading of the spatial distribution, the point defect concentration is maintained below the 
critical CDF concentration for the formation of complex defects. The avoidance of such 
complex defects helps to reduce optical loss and gain deterioration in the quantum well 
structure. 

10 In addition to avoiding the formation of complex defects, the in-situ heating serves to diffuse 
point defects closer to quantum well layer 206. As a result, such in-situ heating provides a 
reduction of the ion dose and implantation energy needed to induce QWI in the subsequent 
^ thermal anneal step. An in-situ heating temperature of approximately 200 is close to the 
U minimum temperature needed to impart enough energy to cause substantial thermal diffusion 
Jijs of the point defects. The upper temperature limit of in-situ heating is dependent on the 

"•'rx 

E3 temperature at which the III-V semiconductor material begins to thermally decompose. For 

s InP/InGaAs/InGaAsP type materials, the decomposition occur at around 750 ^'C. For 

H GaAs/AlAs/AlGaAs type materials, the decomposition occur at around 950 °C. 

ru 

f|'0 Ion implantation step 110 can employ an ion dose in the range of 1x10*^ cm'^ to 

greater than 1x10*^ cm"^ and an implantation energy in the range of about 1 eV to 3 MeV. 
However, since in-situ heating is used during the ion implantation step, relatively low ion 
doses (e.g., less than 1x10^"^ cm'^) and low implantation energies (e.g., equal to or less than 
400 KeV) can be used, while still achieving a point defect concentration near the quantum 

25 well layer that enables a high degree of QWI (i.e., intermixing that produces a bandgap 

energy shift of 60 meV, which is equivalent to a bandgap wavelength shift of 100 nm). The 
use of lower ion doses and implantation energies also serves to further reduce the formation 
of complex defects that can affect the electronic properties (e.g., current injection) and optical 
properties (e.g., gain/luminescence) of the quantum well layer. Furthermore, since in-situ 

30 heating is used during the ion implantation step, relatively high ion doses (e.g., greater than 
1x10^"^ cm"'^) can be used, while still maintaining the vacancy concentration generated during 
the ion implantation step below the critical CDF concentration. 
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Once apprised of the current disclosure, one of skill in the art will recognize that the 
introduction of ions is not limited to the above described ion implantation but can be 
accomplished via a focused ion beam or a dense ion-plasma above a substrate (e.g., a 
wafer). A focused ion beam can be furnished by those skilled in the art using a focused ion 
5 beam machine, and a dense plasma can be furnished by those skilled in the art using an 
inductively-coupled plasma (ICP) machine, a reactive-ion-etching (RIE) machine, or a 
plasma-enhanced chemical vapor deposition (PECVD) machine. One of skill in the art will 
also recognize that the temperature range of in-situ hating may be away from the preferred 
range describe here, for example at below 200"^ C such as at low as 150*^C, depending on the 
10 material structures and the degree of diffusion desired for the point defects. The reduced 

effect at lower temperature can also be compensated via other means, for example, via using 
a longer heating and implantation time. 

. ?^ 

[2 Next, at step 120 of FIG. 2, a capping layer is deposited on quantum well structure 

Js 200. The capping layer can be formed of silicon dioxide (Si02) or any other material that 
Q prevents the loss of group V elements from quantum well structure 200. A typical thickness 
- for a Si02 capping layer is approximately 200 nm. 

^ Next, the quantum well structure 200 is subjected to thermal annealing to initiate 

gg) QWI. The thermal annealing step heats the quantum well structure up to a temperature 
'"^ Tanneai within an initiation time tinit and maintains the quantum well structure at or around that 
temperature for an annealing time tanneai and then cools the quantum well structure down to 
room temperature within a cooling time tcooiing- The temperature may take step wise or 
arbitrarily changing profiles during tinit or tcooiing or tanneau though a steadily raising profile to a 
25 near constant Tanneai and a steadily cooling profile to room temperature is typically used. The 
thermal annealing may be performed by an electric oven or by a rapid thermal processor 
(RTP) or any other heating instruments. 

The thermal annealing step can be done in an inert environment such as in a nitrogen 
30 environment. For the purpose of illustration and not limitation, the thermal annealing step 
can last for a period of several minutes to tens of seconds. A shorter thermal annealing time 
has the benefit of reducing surface decomposition. The annealing temperature Tanneai is 
dependent on the actual material composition but can be predetermined by one of skill in the 
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art after a careful study of the thermal stability of the material, i.e. the critical amiealing 
temperature Tcnticai at which an as-grown, unprocessed substrate with quantum wells would 
experience a significant wavelength shift, thereby indicating thermal-induced sample 
damage. This critical annealing temperature Tcnticai is also somewhat dependent on the 
5 annealing time tanneai. For the purpose of illustration and not limitation, Tanneai is often at a 
value within 400 below Tcnticai. For the purpose of illustration and not limitation, for 
InGaAsP materials, Tanneai is higher than 450 °C and lower than 750 °C and Tcnticai is around 
750 °C. 

10 The thermal annealing step can be performed using a rapid thermal processor (RTP) 

in a nitrogen atmosphere. As is well known to those skilled in the art, an RTP includes a 
chamber filled with halogen lamps. The halogen lamps can heat up the quantum well 
3 structure very rapidly to high temperature, which will minimize thermal damage to the 
[2 quantum well structure due to thermally induced material decomposition. 

g In an RTP-based thermal annealing process, tinit is only a few seconds and tcooiing 

achieves a significant temperature drop by more than 100 °C, also within a few seconds. 

fy During high temperature annealing, surface point defects generated ion implantation 

W will either relax at a surface or indiffuse into a QW structure. As described above, as the 
M point defects indiffuse into the QW structure, some of the point defects in the barrier layer 
will be filled by atoms fi-om the quantum well layer and some of the point defects in the 
quantum well layer will be filled by atoms from the barrier layer. Such interdiffiision 
between the atoms of QW layer and barrier layer, referred to as the quantum-well-intermixing 
25 (QWI) effect, will result in energy bandgap or emission wavelength shift for the QW layer. 

In the exemplary process of FIG. 2, the quantvmi well structure 200 of Figure 3 is 
thermally annealed to induce quantimi well intermixing (QWI) and to thereby shift the 
bandgap energy of the quantum well layer, as illustrated at step 130 of FIG. 2. The thermal 
30 annealing step can be conducted at a temperature above 450 °C for a time period in the range 
of around 2 seconds to around 3 minutes in a rapid thermal processor. The annealing 
temperature is dependent on the material composition of the quantum well structure. For 
purposes of illustration and not limitation, the annealing temperature can be fi-om 450*^ C and 
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around 750° C for InGaAsP-based quantum well structures, while it can be from 600 °C and 
around 950° C for AlGaAs-based quantum well structures. 

In a process according to another exemplary embodiment of the present invention, the 
5 ion implantation step described above is conducted using a patterned mask layer formed on 
the quantum well structure. The pattemed mask layer can include a plurality of patterned 
mask layer portions, each of a different thickness. In this manner, the pattemed mask layer 
300 in Figure 3 can serve as an implant mask, with the pattemed mask layer portions either 
completely blocking ions from penetrating into the quantum well structure or limiting the 
10 degree, to which ions penetrate into the quantum well structure. By predetermining the 

thickness of the pattemed mask layer portions, one can also control the amount of impurity 
ions implanted into the quantum well structure and thus control the degree of bandgap energy 
^ shift. The use of a pattemed mask layer, therefore, provides for different bandgap energy 
^ shifts in different portions of a quantimi well structure and enables the monolithic integration 
iW of multiple photonic devices possessing different bandgap energies. 

U Pattemed mask layer 300 in Figure 3 can be formed of sihcon dioxide (Si02), or any 

other material that prevents the penetration of ions into the quantum well stmcture, such as 
^ J silicon nitride, aluminum, titanium, nickel, chromium, photoresist, polymer, PMMA (poly-methyl 
m methal-chrorate), zinc oxides, strontium fluoride, metals or semiconductors, using conventional 
|d deposition, photolithographic and etching techniques. The thickness of pattemed mask layer 
is dependent on the mass of the ion being implanted and the degree of desired penetration of 
the ion into quantum well structure, but can be, for example, 400 nm for a SiOa pattemed 
mask layer. 

25 In another exemplary embodiment of a process according to the present invention. A 

pattemed stress-inducing mask layer is used during the ion implantation step. The use of 
such a pattemed stress-inducing mask layer enables a process with improved spatial 
resolution. In this process, the material of the pattemed stress-inducing mask layer is 
predetermined to be a material that has a significant difference in thermal expansion 

30 coefficient from the quantum well stmcture material (i.e., substrate material) that the 
pattemed stress-inducing mask layer is formed on. 
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The difference in thermal expansion coefficient will allow significant stress to be 
created to form a vertical stress field lines that will aid in guiding the migration of point 
defects to the quantum well structure during the thermal annealing step. The vertical stress 
field lines enable the achievement of high spatial resolution so that an area of bandgap energy 
shift is located within 3 microns of a boundary defined by an edge of the patterned stress- 
inducing mask layer. For the purpose of illustration and not limitation, the material of the 
patterned stress-inducing mask layer can be silicon dioxide, high stress silicon nitride, and 
other insulators, metals, or semiconductor materials that can form high stress field lines at the 
boundary defined by an edge of the stress-inducing patterned mask layer. For example, 
silicon dioxide can be employed as the material of the patterned stress-inducing mask layer 
since silicon dioxide has a thermal expansion coefficient that is more than 10 times different 
than that of typical III-V semiconductor materials. 

To demonstrate the bandgap wavelength shifting behavior and other benefits of 
processes in accordance with exemplary embodiments of the present invention the following 
experiments were conducted: 

First the quantum well structure detailed in Table 1 below was formed. This quantum 
well structure includes a InGaAs/InGaAsP/InP quantimi well core (i.e., a p-i-n waveguide 
core) with five unintentionally doped 85 A Ino.53Gao.47As quantum well (QW) layers and six 
120 A Ino.7Gao.3Aso.5Po.5 barrier layers (A.g = 1 .30 |im). This is a lattice-matched unstrained 
system. As is well known to those skilled in the art, for the lattice-matched III-V quaternary 
alloy InxGai-xAsyPi-y, x and y are completely specified by the alloy's bandgap wavelength. 
Hence, the bandgap wavelength has been used to specify the material's composition. The 
five QW layers are active layers that can emit or absorb light energy. The peak emission 
wavelength of the active quantum well layers, measured fi-om photoluminescence at room 
temperature, was at approximately 1 .560|im. 

The above-described QW core was surrounded above and below by a graded index 
(GRIN) transition region made up of gradually changing layers of InGaAsP. The upper 
GRIN region is followed above by an upper cladding layer, while the lower GRIN structure is 
followed below by a lower cladding layer. The bandgap wavelengths of these GRIN regions 
are gradually varied between that of the barrier material at the edge of the waveguide core 
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(e.g., Xg=1.20 |am) and that of the waveguide cladding (e.g., Xg=l .00 |am). Specifically, the 
layers in the GRIN structures from the waveguide core are: 500 A (e.g., Xg=l .20 |im), 400 A 
(e.g., A,g=1.10 |am) and 800 A (e.g., A-g=1.00 |am). The thickness of the InP lower cladding is 1 
|am and that of the upper cladding is 1.5 ^m. 

The top GRIN structure was left unintentionally doped and the lower GRIN structure 
was n-doped with Si to a dopant concentration of n=5 xlO^^ cm'"^. The lower cladding is n- 
doped with a dopant concentration of n=2 xlO*^ cm"^ and the upper cladding is p-doped with 
a dopant concentration of p=2 xlO^^ cm'^. The contact layers are formed of a p"^- type 500 A 
Ino.8Gao.2Aso,4Po.6 buffer layer (e.g., 5x10^^ cm'^) and a p'^-type 0.1 |im Ino.53Gao.47As contact 
layer (e.g., IxlO'^ cm'^). Silicon was used as the n-dopant and zinc as the p-dopant. 

The quantum well layers, barrier layers, GRIN layers and cladding layers were 
formed on the (lOO)-oriented n"^- type S-doped InP substrate with an etch pit density of less 
than 500 cm'^ using metal-organic chemical vapor deposition (MOCVD). 
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TABLE 1 



Thickness 
(A) 


Material 


Dopant 


Concentration 


Remark 


1000 


Ino.53Gao.47As 


Zinc 


p=lxlO^^ 


Contact 


500 


Ino.8Gao.2Aso.4Po.6 


Zinc 


p = 5xlO'** 


Contact buffer 


15000 


InP 


Zinc 


p = 2xl0'** 


Upper cladding 


800 


InOaAsP (Xg = 1.00 yim) 


- 


Intrinsic 


GRIN 


400 


InGaAsP (A,g = 1 . 1 0 ^m) 




Intrinsic 


GRIN 


500 


InGaAsP (Xg = 1.20 ^m) 




Intrinsic 


GRIN 


120 


Ino.7Gao.3Aso.5Po.5 
(K = 1 .30 ^lm) 


- 


Intrinsic 


Barrier 


85 


IllO.53GaO.47AS 


- 


Intrinsic 


1'' QW 


120 


Ino.7GaO.3ASo.5Pa5 

(Xg= 1.30^m) 


- 


Intrinsic 


Barrier 


85 


Ino.53Gao.47As 


- 


Intrinsic 


2""^ QW 


120 


Ino.7Gao.3Aso.5Po.5 
(Xg= 1.30 ^im) 


- 


Intrinsic 


Barrier 


85 


Ino.53Gao.47As 


- 


Intrinsic 


3rd 


120 


Ino.7Gao.3Aso.5Po.5 
(Xg= 1.30 ^tm) 


- 


Intrinsic 


Barrier 


85 


Ino.53Gao.47As 


- 


Intrinsic 




120 


Ino.7Gao.3Aso.5Po.5 
(kg = 1.30 Jim) 


- 


Intrinsic 


Barrier 


85 


Ino.53Gao.47AS 




Intrinsic 


D W 


120 


Ino.7Gao.3Aso.5Po.5 
(Xg=1.30^m) ' 




ininnsic 


Qt*T*l 


500 


InGaAsP (?ig= 1.20^m) 


Silicon 


n = 5xlO'' 


GRIN 


400 


InGaAsP (Xg= 1.10 nm) 


Silicon 


n = 5xlO'' 


GRIN 


800 


InGaAsP (Xg- 1.00 ^m) 


Silicon 


n = 5xlO'' 


GRIN 


10000 


InP 


Silicon 


n = 2xl0'^ 


Buffer 




InP 


Sulpher 




Substrate 



Next, two sets, with five samples each, were implanted at room temperature using 360 
keV arsenic (As) and implantation doses of IxlO'^ cm"^ IxlO'^ cm"^, 5xlO'^ cm"^, lxl0''*cm" 
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^ and SxlO*"* cm''^, which corresponds to peak crystal site vacancy concentrations of 2x10 
cm"\ 2x10^^ cm'^ 1x10^^ cm*^ 2x10^^ cm'-^ and 1x10^^ cm*^ respectively. In addition, two 
other sets, with five samples each, were implanted using similar ion implantation conditions, 
except that the ion implantation was carried out at a temperature of 200 ± 20 ^'C. Each of the 
samples was tilted to an angle of 7° during ion implantation to minimize ion channeling and 
to improve the controllability and spatial resolution of the ion implantation process. 

Based on theoretical simulations, the 360 keV arsenic (As) ion implantation step 
generated vacancies (i.e., point defects) at a depth extending up to about 0.2 |Lim from the 
surface. The ion implantation at 360 keV, therefore, only generated relatively shallow point 
defects in the implanted material and, thus, produced no direct damage to the QW layers, 
which are located greater than 1.5 fxm below the surface. 

After the ion implantation step, a 200 nm Si02 capping layer was deposited on the 
samples using a plasma enhanced chemical vapor deposition (PECVD) technique. The 
original implant mask could be striped away or left on before this capping layer deposition. In 
a preferred embodiment, the original mask is stripped away using wet etching. This Si02 
capping layer acted as an annealing cap to protect the surface of the QW structure from being 
depleted of Group V elements during the subsequent high temperature annealing step. 

Next, a thermal annealing step was carried out at 650 °C for 90 seconds using a rapid 
thermal processor (RTP) in a nitrogen atmosphere. Prior to annealing, the samples were 
placed face down on a piece of fresh GaAs and another fresh piece of GaAs was placed over 
the back of the samples to provide an arsenic (As) overpressure environment diuing the 
thermal annealing step. This serves to fixrther protect the surface of the QW structure by 
minimizing diffiision of As and P out of the QW structure. During this thermal annealing 
step, the point defects generated during ion implantation either relaxed at the surface, or 
diffused fiirther into the QW structure. It is known by those skilled in the art that the 
diffiision of point defects into the QW layers will enhance diffiision between (i.e., "inter- 
diffiision" of) the atoms of the QW layers and the barrier layers, and thus induce quantimi 
well intermixing (QWI). 
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Photoluminescence (PL) measurements performed at 77 °K were subsequently carried 
out to determine the induced wavelength shift. With reference to FIG. 5, it is observed that 
samples implanted at elevated temperature (i.e., 200 ""C ± 20 ^^C) show a significant bandgap 
wavelength shift (i.e., bandgap energy shift) beyond a room temperatxire threshold crystal site 
vacancy concentration of 1x10^' cm'^. The degree of intermixing appears to saturate at a 
room temperature crystal site vacancy concentration of 1x10^^ cm"^. The samples implanted 
at room temperature, however, show insignificant bandgap wavelength shifts across the range 
of crystal site vacancy concentrations studied in this experiment, as illustrated in FIG. 5. 

To recapitulate, in this experiment, selected samples were heated to 200 ± 20 °C 
during implantation, in order to diffiise the crystal site vacancies deeper into the QW 
structure region or to relax them at the surface. This "in-situ" heating during the ion 
implantation step serves to keep the point defect concentration (i.e., vacancy concentration) 
below the critical concentration necessary for the formation of thermally stable vacancy 
complexes. FIG. 4 shows that instead of creating a vacancy concentration depth profile 
centered at 0.2 |am as would occur with a conventional room temperature ion implantation 
step, a nearly constant vacancy concentration through the 1.5 micron thick upper cladding 
layers is resulted for the samples implanted at 200 °C. Vacancies below the critical 
concentration for complex formation (i.e., greater than 6x10^^ cm'^) are relatively mobile at 
200 °C, resulting in the large wavelength shift (i.e., large degree of quantum well 
intermixing) observed in Figure 5. 

For the samples implanted at room temperature, vacancy agglomerations and 
complexes would to occur close to the QW structure surface (i.e., centered around 0.2 |am 
fi-om the wafer surface). These complexes will coalesce into extended defects during the 
thermal annealing step and trap point defects, thereby preventing them firom migrating to the 
quantum well during the thermal annealing step, which explains why only very slight 
bandgap energy shifts are observed fi-om samples implanted at room temperature (see FIG. 
5). 

As another exemplary process demonstration, the effect of a patterned stress-inducing 
mask layer was investigated. InGaAs/InGaAsP/InP MQWs laser structure samples similar to 
those described in Table 1 were prepared. These samples were then deposited with a 1 |am 
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thick SiOa layer using PECVD. A patterned stress-inducing mask layer was formed from the 
1 micron thick SiOz layer using photolithography and reactive ion etching. Subsequent 
sample treatment for this experiment was done with the steps described above within the 
described process parameter ranges. For example, the implantation step was performed with 
5 As-implantation at 360 keV and 1x10^"^ cm"^ dose, and an implantation temperature of 

200±20 °C. During ion implantation, the samples were tilted by 7^ to avoid ion channelling. 
Simulation results indicate that the 360 keV ion implantation drove the ions to an average 
range of 0.2 |im. At this implantation energy the arsenic ions will not penetrate through 1 |Lim 
of Si02. 

10 

A fresh 200 nm SiOj capping mask was deposited on the samples using PECVD prior 
£3 to rapid thermal annealing. This fresh Si02 capping mask, covering the entire wafer, acted as 
the annealing mask during a subsequent RTF-based thermal annealing step. In the RTF 
thermal aimealing chamber, the samples were placed face down on a piece of fresh GaAs and 
l4 another piece of GaAs was placed over the back to provide arsenic overpressure during 
|:S annealing, hence further protecting the surface by minimizing the outdiffusion of arsenic. An 
l:^^ annealing temperature of 650 °C for 90 seconds was used in this experiment. 

rS To investigate the spatial resolution of the exemplary process, micro FL spectra were 

W taken in by scanning the wafer with a step size of 2.5 \im using an excitation source. An 

Nd: YAG laser operating at a wavelength of 1 .06 |Lim, with a spot diameter or <1 )im was used 
as the excitation source. A sharp transition from the quantum well emission at an interface 
between implanted and un-implanted regions of the wafer was observed. The un-implanted 
(i.e. masked) region gave a FL peak at 1 .55 |j,m as would be given by an as-grown sample, 
25 whereas the implanted region was shifted to about 1 .42 |am. This result indicates that a spatial 
resolution of better than 2.5 |am can be obtained from an indirect well implantation method 
using a patterned stress-inducing mask layer. 

The above exemplary embodiment illustrates the case where the in-situ sample 
30 heating is performed with indirect well implantation and good spatial resolution in spite of 
the deeply-located QW structures. In-situ heating was done with a pattemed stress-inducing 
mask layer on the wafer (i.e., on a substrate that includes a quantum well structure) in order 
to achieve high spatial resolution for the QWI. The edges of the dielectric mask cause 
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material stress in the wafer and form vertical stress field lines oriented in the direction 
perpendicular to the wafer surface (called the vertical direction). These vertical stress field 
lines tend to limit the diffusion of point defects horizontally, since it is difficult for the point 
defects to move across the vertical stress field lines. As a result, the vertical stress field lines 
reduce the lateral diffusion of the point defect during the ion implantation, thereby resulting 
in high spatial resolution for an area-selective wavelength shift. 

It is well known to those skilled in the art that high mobility dopants, especially zinc 
(Zn, a p-dopant) and beryllium (Be, a p-dopant), diffiise and re-distribute significantly dining 
high temperature annealing. The mobility of these dopants are -5x10^^ cm'^s'^ in III-V 
semiconductor materials at a temperature of -650 ^C, which is within the thermal annealing 
temperature needed to induce quantum well intermixing (QWI). The diffiision of such high 
mobility dopants into the QW layer results in an undesirable increase in the optical absorption 
of the QW structure. In addition, the diffusion of such high mobility dopants can cause an 
unwanted QWI effect in portions of the QW structure where no QWI effect is desired. 

In a process according to yet another exemplary embodiment of the present invention, 
this issue is addressed by implanting ions into a QW structure that includes a layer doped 
with a high mobility impurity that is back-spaced by equal to or greater than 0.1 )im fi*om the 
QW layers and barrier layers. In this respect, the "high mobility impurity" is defined as a 
shallow-level impurity that diffuses interstitially in an InGaAs and InGaAsP based 
semiconductor material with a diffiisivity equal to or greater than 5x10^^ cm"^s"' at an 
annealing temperature of equal to or greater than 650 °C. By back-spacing the layer doped 
with a high mobility impurity, diffusion of the high mobility impurity into the QW layer, and 
subsequent degradation of the QW layer's optical and electrical properties, is avoided. 

To demonstrate the benefits of having layers doped with a high mobility impurity 
layer back-spaced fi-om the QW and barrier layers, the following experiment was conducted: 

First, InGaAs/InGaAsP/InP laser quantimi well structures with a single quantimi well 
layer were grovm using metal-organic chemical vapor deposition (MOCVD). The 
InGaAs/InGaAsP/InP laser quantum well structures (each referred to as sample type A or 
Sample A) are described in Table 1 and each has a single 75 A Ino.53Gao.47As quantimi well 
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layer sandwiched between two 120 A Ino.vGaojAso.sPo.s barrier layers (A.g=l .30 |a,m) In each 
of Sample A, the high mobility impurity layer is back-spaced from the quantum well layer 
and barrier layers by 1 700 angstroms. 

Next, samples with another InGaAs/InGaAsP/InP laser quantum well structure with a 
single quantum well layer was grown using metal-organic chemical vapor deposition 
(MOCVD). The structures (each referred to as sample type B or Sample B) have two top 
GRIN regions doped with Zn to a concentration of 5x10^^ cm*^, thereby forming a high 
mobility impurity layer that is not back-spaced from the barrier layers and quantum well 
layer. The comparison of the doping concentrations between Sample A and Sample B is 
given in Table 2. 



TABLE 2 



Thickness 
(A) 


Material 


Sample A 


Sample B 


1000 


Ino.53Gao.47As 


p = 1x10'^ cm-^ (Zinc) 


p= IxlO'^'cm-^ (Zinc) 


500 


Ino.8Gao.2Aso.4Po.6 


p = 5x10'^ cm-^ (Zinc) 


p = 5xlO"*cm-^(Zinc) 


15000 


InP 


p = 2x10"* cm"' (Zinc) 


p = 2xl0'*'cm-^ (Zinc) 


800 


InGaAsP (Xg = 1 .00 \im) 


Intrinsic 


p = 5x10" cm-^ (Zinc) 


400 


InGaAsP(Xg= 1.10 nm) 


Intrinsic 


p = 5xlO"cm-^(Zinc) 


500 


InGaAsP (Xg = 1 .20 \xm) 


Intrinsic 


p = 5xlO"cm-^(Zinc) 


120 


Ino.vGao.sAso.sPo.s 
(Xg= 1.30 urn) 


Intrinsic 


Intrinsic 


75 


Ino.53Gao.47As 


Intrinsic 


Intrinsic 


120 


Iho.7Gao.3Aso.5Po.5 
(A^=1.30^m) 


Intrinsic 


Intrinsic 


500 


InGaAsP (Xg = 1 .20 urn) 


n = 5xlO'^cm-^ 
(Silicon) 


n = 5xlO"cm-^ 
(Silicon) 


400 


InGaAsP (Xg= 1.10 ^m) 


n = 5xlO'^cm-^ 
(Silicon) 


n = 5x10" cm"* 
(Silicon) 


800 


InGaAsP (>.g = 1.00 ^m) 


n = 5xlO'^cm'^ 
(Silicon) 


n = 5xl0"cm"^ 
(Silicon) 


10000 


InP 


n = 2xl0"'cm-^ 
(Silicon) 


n = 2x10"* cm"* 
(Silicon) 




InP 


Sulpher 


Sulpher 
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Oxide stripe broad area gain-guided lasers with a pumping window of 75 |im were 
fabricated from Samples A and B that had not been subjected to intermixing ("as-grown"), as 
well as Samples A and B that had been subjected to an intermixing process. The intermixing 
process was carried out by implanting the samples with 5x10^"^ cm"^ dose of 360 keV Arsenic 
5 at a temperature of 200 followed by thermally annealing of the samples using a rapid 
thermal processor at 675 °C for 60 seconds under an N2 and As-overpressure ambient. 

The 77K PL peaks shifted from 1.440 |am for the as-grown sample A to about 1.360 
|am for the Sample A subjected to the intermixing process. The 77K PL shift was from 1.430 

10 |Lim to about 1.335 ^im for the as-grown Sample B and Sample B subjected to the intermixing 
process, respectively. 

The samples were subsequently cleaved into various laser cavity lengths for testing. 
H Results of the testing showed that photonic laser devices fabricated from both as-grown 

11 Sample A and as-grown Sample B give similar light-current curves. It was measured that 
lasers fabricated using the as-grown Sample A and Sample B give a threshold current 
densities of 1.11 KAcm'^ and 1.10 KAcm'^, respectively, for 500 jam cavity length lasers. 

Ci However, an attempt to fabricate photonic laser devices from Sample B that has been 
]M subjected to the intermixing process failed, such an attempt to fabricate photonic laser 
W devices from the Sample A that has been subjected to the intermixing process was successfiil. 
Spectral measurement on the photonic laser devices fabricated from Sample A that has been 
subjected to the intermixing process show that the lasing wavelength had shifted from 1.560 
|j.m to about 1.490 ^m (see FIG. 6), which is a similar shift observed from the PL 
measurements. 

25 

The above results imply that for Sample B, Zn may have diffixsed from the GRIN 
regions into the barrier and/or quantum well layers and altered the carrier confinement 
properties of these layers. These layers may have been converted to p-type and, therefore, 
experienced no injected current. In short, the photonic laser devices fabricated from Sample 
30 B that has been subjected to the intermixing process failed because diffiision of the Zn 
separated the region of light generation from the guiding region, making stimulated 
recombination impossible. 
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The devices from the as-grown and intermixed Sample A were tested for threshold 
current and slope efficiency. FIG. 7 graphically shows two sets of threshold data plotted as 
threshold current density against reciprocal cavity length. The slope of this graph is related to 
the gain of the quantum well structures and shows no significant change on annealing of the 
samples. The slope efficiency data showed little change with disordering within the 
variability of the measurement. This indicates that the intracavity optical gain had not been 
changed significantly and that the internal quantum efficiency remained high. 

Once apprised of the present disclosure, one skilled in the art will recognize that 
processes in accordance with exemplary embodiments of the present invention can be used to 
monolithically integrate multiple photonic devices on a single substrate (i.e., to form a 
photonic device assembly that includes a plurality of operably coupled photonic devices on a 
single substrate) by shifting the bandgap energy of a quantum well layer(s) formed on two or 
more portions of the substrate. One skilled in the art will also recognize that, in such a 
photonic device assembly, the induced bandgap energy shift need not be identical for each of 
the multiple photonic devices. 

A result when the current processes are utilized in the manufacturing of photonic 
devices can, therefore, be a plurality of active and/or passive photonic devices monolithically 
integrated on a single substrate. The active devices can include, for example, lasers, optical 
intensity modulators, optical phase modulators, optical switches, optical amplifiers, optical 
saturable absorbers, optical pulse reconditioner, optical wavelength converter, phosistors 
(photon transistors), variable optical attenuators, tunable filter or resonator, and optical 
detectors. The passive optical devices include optical waveguides, optical gratings, optical 
splitters, optical beam couplers, multi-mode interference devices, optical polarizer, optical 
polarization beam splitter, optical wavelength filters, and optical resonators (in the form of 
ring, disks or linear configurations). 

A photonic device assembly according to one exemplary embodiment of the present 
invention includes a low-loss waveguide, a 1x2 multi-mode interference coupler, an optical 
amplifier and an optical modulator. The low-loss waveguide, 1x2 multi-mode interference 
coupler, optical amplifier and optical modulator are operably coupled such that the assembly 
fiinctions as a 1x2 optical switch. To fimction properly as a 1x2 optical switch, the bandgap 
energies of the low-loss waveguide, optical amplifier and optical modulator must be 
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distinctly different from one another. For example, the optical amplifier can have a bandgap 
energy that provides peak absorption near that of an input wavelength, the low- loss 
waveguide can have a bandgap energy significantly higher than that of the optical amplifier 
and the optical modulator can have a bandgap energy between the bandgap energy of the 
optical amplifier and the bandgap energy of the low-loss waveguide. These distinctly 
different bandgap energies can be provided by the inventive methods described above. 

To further demonstrate the versatility and benefits of processes according to the 
present invention, five fiirther exemplary embodiments utilizing various aspects of the 
invention are described in detail below. 

A. First exemplary process embodiment using low energy ion implantation. 
In this first exemplary process embodiment, the TAIVID method is applied with 
indirect-well implantation. The first exemplary process involves: 

(Step 1) Provision of a wafer (i.e., substrate) including a quantum well structure. 

First, a sample made up of multi-layer III-V semiconductor materials is provided. As 
shown in FIG. 8A, the multi-layer III-V semiconductor material sample has at least one 
quantum well 1110 (forming a part of quantum well structure 1 120) grown on top of a 
substrate (e.g., a wafer) 1130. Quantum well 1110 possesses a particular quantum well 
bandgap energy Eqw (or quantimi well wavelength A<jw). As illustrated in FIG. 8, the 
quantum well structure 1 120 is located at a certain distance tqws away from a wafer surface 
1140. 

The multi-layer III-V semiconductor material sample can be, for example, the active 
medium for a semiconductor laser, for which the quantum well structure is placed 
approximately 1.5|am away from the wafer surface. Therefore, in this first exemplary process 
embodiment, tqws is 1 .S^im. More specifically, the III-V semiconductor material sample 
includes a InGaAs/InGaAsP/InP multiple quantum well structure. The III-V semiconductor 
materials were grown using metal-organic chemical vapor deposition (MOCVD) on a (100)- 
oriented n'^-type S-doped InP substrate. The InGaAs/InGaAsP/InP waveguide core consisted 
of a structure of five 85 A Ino.53Gao.47As quantimi well layers and six 120 A 
InojGao.aAso.sPo.sbarrier layers (Xg=1.30|am). The five quantum well layers are active 
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quantum wells that can emit or absorb light energy. The peak emission wavelength of the 
active quantum well layers, measured from photoluminescence at room temperature, is at 
approximately Xqw =1.560 jam. 

The InGaAs/InGaAsP/InP III-V semiconductor materials are lattice-matched to the 
InP substrate and are unstrained. As is well know to those skilled in the arts, for a lattice 
matched III-V quartemary alloy InxGai.xASyPi.y, the compositions x and y needed to achieve 
lattice matching are uniquely determined given the bandgap wavelength. Hence, specifying 
the bandgap wavelength is equivalent to specifying the material composition, which is a fact 
that will be used below. 

The above-mentioned quantum well layers and barrier layers were surroimded above 
and below by an upper cladding layer and a lower cladding layer, respectively. Specifically, 
the upper cladding layer was made up of 500 A thick InGaAsP (X,g=1.20^m), 400 A (A-g=1.10 
|im) and 800 A thick InGaAsP (>.g=1.00 |im) followed by a 15000A thick InP. The lower 
cladding layer was made up of 500 A thick InGaAsP (A,g=1.20|am), 400 A (A,g=1.10 jam) and 
800 A thick InGaAsP (Xg=l. 00 jam) on top of InP substrate. The details of the structure are 
given in Table 3. 

TABLE 3 



Thickness (A) 


Material 


Remark 


5000 


InP 


Upper cladding 


800 


InGaAsP {\=1. 00 ^m) 


Upper GRIN 


400 


InGaAsP (X-g=l. 10 ^m) 


Upper GRIN 


500 


InGaAsP (Xg= 1.20 ^im) 


Upper GRIN 


120 


Ino.7GaojAso.5Po.5 i\= 1-30 ^m) 


Barrier 


85 


Ino.53Gao.47As 


r QW 


120 


Ino.7GaojAso.5Po.5(X,g=1.30 ^m) 


Barrier 


85 


Ino.53Gao.47As 


2'"'QW 


20 


Ino7Gao.jAso.5Po.5 (^g= 1-30 ^im) 


Barrier 


85 


K.53Gao.47As 


3"*QW 
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120 


Ino^Gao jAsosPos i\= 1-30 ^m) 


Barrier 


85 


Ino.53Gao.47As 




120 


InoyGao jAsosPos {\= 1.30 (im) 


Barrier 


85 


K.53Gao.47As 


5'^QW 


120 


InoyGacjAsasPos {\= 1.30 |ini) 


Barrier 


500 


InGaAsP (Xg=1.20 mn) 


Lower GRIN 


400 


InGaAsP (A.g=l. 10 i^m) 


Lower GRIN 


800 


InGaAsP (X=i. 00 ^m) 


Lower GRIN 



As is well known to those skilled in the art, there are many other variations of 
C3 quantum well structures and many variations of III-V semiconductor materials that can be 

as. 
i M 

J§ used to make such quantum well structures. For the purpose of illustration and not limitation, 

12 the III-V semiconductor materials can be made up from material systems that include, but are 

'J not limited to, GaAs/AlGaAs, InGaAs/InGaAsP/InP, GaP, AlGaP, InAlGaP or InAlGaAs III- 

12 V semiconductor material systems. As is also well known to those skilled in the art, the 
quantum well structure can be placed at various distances from the substrate (e.g., wafer) 

IQ surface. 



IJ (Step 2) Patterned layer formation on the substrate 

A thin layer of blocking material (i.e., a patterned mask layer) 1200 is formed to a 
thickness dbk on a certain part of the substrate (e.g., wafer) called the blocked area 1210, as 

15 shown in Fig. 8B, and either not on a certain other part (or formed to a much thinner 

thickness dunbk on this other part) called the unblocked area 1220 in FIG. 8B. The blocking 
material or "mask" is needed to provide a wavelength shift on the unblocked area of the 
wafer but not on the blocked area of the wafer. Any suitable material can be used as the 
blocking material, as long as the material can be deposited on top of surface 1 140 and with a 

20 thickness dbk that is thick enough to block the penetration of ions. This blocking materials 
can, for example, be silicon dioxide, silicon nitride, aluminum, titanium, nickel, chromium, 
photoresist, polymer, PMMA, zinc oxides, strontium fluoride, other insulators, metals or 
semiconductor materials. 
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Thickness dunbk is thin enough to allow a predetermined penetration of ions. By 
varying the thickness of dunbk, one can control the amount of ions introduced (e.g., implanted) 
into the unblocked area 1220. As the amoimt of wavelength shift is a function of the amount 
of ions implanted into the sample, controlling the thickness of dunbk controls the amoimt of 
wavelength shift. A wafer can have no blocking material thereon at all, in which case the 
entire wafer can experience a wavelength shift. Alternatively, a wafer can have two or more 
unblocked areas with different thicknesses of the blocking materials to result in different 
wavelength shifts on different unblocked areas using a single ion implantation process. This 
enables the simultaneous fabrication of different photonic devices that can operate at different 
wavelengths or with different fimctionalities on a single substrate with a single ion- 
implantation process. Furthermore, these different photonic devices can be operatively 
connected on a single wafer to form a photonic integrated circuit. 

As an exemplary pattemed mask layer, the exemplary wafer structure is deposited 
with a dbk = 400 rnn thick SiOi layer using plasma enhanced chemical vapor deposition 
(PECVD) on the blocked area 1210 in FIG. 8B, and with a dunbk =0 nm thick SiOi (i.e. with 
no Si02 layer.) layer on the unblocked area 1220 in FIG. 8B. The value of dbk = 400 nm and 
dunbk = 0 nm are for the purpose of illustration and not limitation. For example, dbk can be 
larger than about 400 nm, and dunbk can be non-zero but smaller than about 400 nm. 

(Step 3) Ion Introduction using indirect-well implantation 

Next, at step 3, ions are introduced to an average depth of Dion from the wafer surface 
and at a distance of Dion-Qw from the top of quantum well structure 1 120. For the indirect- 
well implantation considered here, Dion-Qw is larger than 0.5 |am. 

The ions can, for example, be introduced using ion implantation. In an ion-implanter 
as is well known to those skilled in the art, the ions pass through a mass separating analyzer 
magnet that eliminates unwanted ion species. The selected ions then enter the acceleration 
tube and are accelerated to high energies by an electrical field. The accelerated ions pass 
through the vertical and horizontal scanners and are implanted into a substrate. As is well 
known to those skilled in the art, the depth of implantation is dependent on the ion 
implantation species and the ion implantation energy, and can be predicted using well-known 
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methods. In the first exemplary process embodiment, the implantation energy is 
predetermined to achieve the required implantation depth Dion. 

The sample is then heated to a temperature of Timpiant for at least part of the duration of 
5 the ion implantation process given by the ion-implantation heating time timpiant-heat- For 

example, Timpiant is larger than about 200 °C and smaller than about 500 °C for the case of a 
sample that includes InGaAsP/InP materials. This temperature range is dependent on the 
material composition. The temperature range is limited, therefore, not by a single absolute 
value but by the material decomposition temperature as the upper limit. Therefore, the 
10 elevated temperature used during the ion implantation process (or other ion introduction 
technique) step in processes according to the present invention can be outside of the about 
200 T to about 500 °C range noted above. 

^ The implanted ion dose is the ion-beam current density (current per unit area) 

multiplied by the ion implantation time divided by the charge on each ion. This dosage is 
^5 predetermined at a high enough value to cause a desired wavelength shift. The dosage for 
1^^ InGaAsP/InP materials can, for example, be larger than 1x10^^ cm"^ and smaller than 1x10^^ 
cm"'^. The ions species introduced can be a deep-level species or a shallow-level species. 

p) For the purpose of illustration, two sets of samples were used in an experiment. Five 

J;f pieces of sample (i.e., pieces A-E) from one of these two sets were implanted with As atoms 
using a 360 keV arsenic (As) ion beam. The ion implantations were performed with the 
samples held at an elevated temperature of Timpiant= 220±20 °C. The ion implantations were 
carried out with ion dosages of 1x10^^ cm'^ (piece A), 1x10^^ cm'^ (piece B), 5x10^^ cm"^ 
25 (piece C), 1x10^"^ cm'^ (piece D), and 5x10^^ cm*^ (piece E), which corresponds to peak 

crystal site vacancy concentrations of 2x10^^ cm'^ (piece A), 2x10^* cm"^ (piece B), 1x10^^ 
cm'^ (piece C), 2xl0^^cm"^ (piece D) and 1x10^^ cm*^ (piece E), respectively. 

The implantation time timpiant is dependent on the implantation current density and the 
30 implantation dosage and ranges from a few seconds to many hours. The implantation heating 
time timpiant-heat cquals the entire period of the implantation. With the relatively low ion 
implantation energy of 360 keV, the ions are implanted to a depth of Dion= 0.2 microns away 
from the wafer surface, which is far away (i.e., more than 0.5 microns away) from the 

31 



quantum well structure (i.e. Dion-weii> 0.5 microns). The sample was tilted to an angle of 7° 
during ion implantations to minimize ion channeling and to improve the controllability and 
the spatial resolution of the bandgap engineering process. This is achieved by mounting the 
sample on a titled stage, adjusted to an angle theta of 7^ with the ion beam. 

In order to compare with samples implanted without in-situ heating, the other set of 
the two sets of samples were implanted using similar ion implantation conditions, except that 
they were implanted at room temperature. This resulted in five pieces of comparison 
samples, referred to as pieces A'-E'. The ion implantations were carried out with ion dosages 
of 1x10^^ cm"^ (piece A'), 1x10*^ cm"^ (piece B'), 5x10*^ cm^^ (piece C), 1x10^"^ cm*^ (piece 
D'), and 5x10*'^ cm"^ (piece E'), which corresponds to peak vacancy concentrations of 2x10^^ 
cm'^ (piece A'), 2x10^^ cm'^ (piece B'), 1x10^^ cm"^ (piece C), 2x10^^ cm'^ (piece D') and 
1x10^^ cm'^ (piece E'), respectively. 

(Step 4) Thermal anneaUng using RTF 

After ion implantation, the samples were subjected to thermal annealing in order to 
initiate the QWI. The thermal annealing was performed using a rapid thermal processor 
(RTF) in a nitrogen atmosphere. Before the thermal annealing, the samples were deposited 
with a 200 nm thick Si02 layer using plasma enhanced chemical vapor deposition (FECVD). 
This Si02 layer acts as "annealing cap" to protect the semiconductor surface from being 
deplete with Group V elements during the high temperature annealing process. 

In an RTF thermal annealing chamber, the samples were placed face down on a piece 
of fresh GaAs and another piece of GaAs was placed over the back of the samples to provide 
As overpressure during annealing, hence fiirther protecting the sample surfaces by 
minimizing the outdiffusion of As and F from the semiconductor. An annealing temperature 
of Tanneai = 650 for tanneal 90 scconds was uscd. In the RTF heating process tinit is only a 
few seconds and tcooiing achieves a significant temperature drop by more than 100 °C, also 
within a few seconds. 

Fhotoluminescence (FL) measurements performed at 77 degrees Kelvin measured the 
wavelength shift after the entire process. It was observed that samples implanted at elevated 
sample temperatures had a significant wavelength shift after a threshold crystal site vacancy 
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concentration of 1x10^^ cm'^. The degree of QWI saturated at a crystal site vacancy 
concentration of 1x10^^ cm"^. Samples implanted at room temperature, however, showed 
insignificant wavelength shifts across the range of crystal site vacancy concentration studied 
in this experiment. 

5 

This first exemplary embodiment illustrates the case where the in-situ sample heating 
is performed with low ion implantation energy. The in-situ sample heating drives the point 
defects towards the QW structure, which enables the subsequent QWI to occur at a low ion 
implantation dose and energy. The low implantation energy helps to fiirther reduce the 

10 formation of complex crystal defects that can cause damage to the active layer. 

The above described experiment indicates that indirect-well implantation does not 
work well without in-situ heating, especially for the case of deeply-located quantum well 
structures. The reason that indirect-well implantation does not work well without in-situ 

IS heating is that the complex defects formed at the ion-implanted region prevent point defects 
fi-om migrating to the QW structure during thermal annealing. Hence, in-situ sample heating 
performed with indirect-well implantation increases the distance the QW structure can be 

f3 placed close ft'om the surface by reducing the formation of complex defects that can block the 
migration of point defects to the QW structure during the thermal annealing step. In-situ 

m heating also helps to further migrate point defects away from the wafer surface and towards 

11 the QW structure before the thermal annealing step. 

B. Second exemplary process embodiment using direct-well implantation. 

25 Steps 1, 2 and 4 for the second exemplary process are the same as for the indirect-well 

method of the first exemplary process embodiment. The difference between the processes is 
the ion introduction step described below. 

(Step 3) Ion Introduction under TAIVID direct-well method 
30 In step 3 of the second exemplary process embodiment, ions are introduced to an 

average depth of about Dion from the wafer surface and at a distance of Dion-Qw from the top 
of quantum well structure 1 120. For the direct-well implantation considered here, Dion-Qw is 
smaller than 0.5 |j.m. 
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To illustrate the second exemplary process embodiment, an undoped shallow single- 
quantum well (SQW) sample grown by MOCVD on a GaAs substrate was prepared. The 
sample consisted of a 5 nm Alo.4Gao.6As QW layer sandwiched between 20 nm and 500 nm 
barrier material layers above and below the QW layer, respectively. The top barrier material 
5 layer was covered by a 5 nm GaAs layer to prevent the Alo.4Gao.6As from oxidation and the 
bottom barrier was grown on top of a 500 nm GaAs buffer layer on GaAs substrate. This 
structure gave a photoluminescence (PL) peak at about 770 nm. 

The sample was deposited with a 400 nm thick Si02 layer using PECVD and an Si02 
10 pattemed mask layer was defined therefrom on the GaAs/AlGaAs surface using 

photolithography and dry etching. The Si02 pattemed mask layer will act as the implant 
mask layer, whereas the exposed region of the sample will become a bandgap tuned region. 
In order to introduce a high concentration of point defects into the QW layer, the peak ion 
J-S concentration was introduced at the middle of the QW layer. In this study, direct-well 
IP phosphorous (P) implantation using an energy of 100 keV and an ion dose of IxlO^"* cm""^, 

with a substrate temperature of either room temperature or 400 °C were used to induce QWL 
During ion implantation, the sample was tilted by 7° to avoid ion channelling. 

Simulation showed that 100 keV energy drove the ions to an average range of 150 
§ nm. At this implantation energy, phosphorous ions will not penetrate into the wafer for the 
M region blocked by the 400 nm of Si02. The Si02 pattemed mask layer was stripped off using 
wet etching and an SisN^ mask was deposited using PECVD on the sample prior to rapid 
thermal annealing. This Si3N4 layer will act as the aimealing mask during the RTP step. In 
the RTP thermal annealing chamber, the samples were placed face down on a piece of fresh 
25 GaAs and another piece of GaAs was placed over the back of the samples to provide arsenic 
overpressure during annealing, hence further protecting the sample surfaces by minimizing 
the outdiffusion of arsenic from the semiconductor. An annealing temperature of 925 °C for 
30 seconds was used in this experiment. 

30 During high temperature annealing, the point defects generated during ion 

implantation will enhance interdiffusion between Al from the barrier and Ga from the QW. 
Such interdiffsion between the atoms of QWs and barriers, referred to as the quantum-well- 
intermixing (QWI) effect, will result in energy bandgap or emission wavelength shift for the 
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QWs. 

To investigate the spatial resolution of the process, micro PL spectra were taken by 
scanning the wafer with a spatial step of 1 ]xm using an excitation source. An Ar^ laser 
5 operating at a wavelength of 514.5 nm, with a spot diameter of <1 |im was used as excitation 
source. A sharp transition from the quantum-well emission occurs at the interface between 
the implanted and un-implanted regions of the samples has been observed. The masked 
region gives a peak PL of similar to the as-grown region at about 770 nm, whereas the 
implanted section was shifted to about 730 nm. This result indicates that a resolution of 
10 better than 1 \xm can be obtained by introducing the ion impurity directly in the QW structure 
to create the lattice site vacancy. 

^ C. Third exemplary process embodiment for achieving a large wavelength 

(bandgap energy) shift without gain deterioration. 
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This third exemplary process embodiment illustrates a case where in-situ heating is 
performed on a sample to produce a laser structm"e with large wavelength shift and little gain 
deterioration. The TAIVID method is applied to shift the optical wavelength of a QW 
structure by up to 70 nm with QW gain deterioration of less than 50%. 



A GalnAs-GalnAsP MQWs laser structure similar to that of the First Exemplary 
Process (Section A) was used in this experiment. Oxide stripe broad area gain-guided lasers 
with 500 jam length and 75 [im width were fabricated from as-grown and intermixed samples. 
The intermixing process was carried out by implanting the samples with 5x10*^ cm*^ of As at 
25 360 keV, with the samples heated to 200±20 °C during implantation, and annealed using a 
rapid thermal annealing at 675 °C for 60 seconds under an N2 and As-overpressure ambient. 

For the samples of this study, the 77 K PL peaks shifted from 1 .440 jim to about 
1 .360 |im after QWI. The samples were then cleaved into various cavity lengths for testing. 
30 Lasers fabricated using the as-grown material had threshold current densities of LI 1 KAcm'^ 
for 500 \xm cavity length lasers. Spectral measurement on the lasers indicate that the lasing 
wavelength had shifted from 1.560 yim to about L490 |am, a wavelength shift of about 70 nm, 
similar to the result observed from the PL peak shifts. 
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The devices from as-grown and intermixed samples were tested for threshold current 
and slope efficiency. The slope efficiency data showed little change with disordering within 
the variability of the measurement. This indicates that the intracavity optical gain had not 
5 been changed significantly and that the intemal quantum efficiency remained high, indicating 
a deterioration of the QW gain by less than 50% for a 70nm wavelength shifted laser. 

D. Fourth exemplary process embodiment for low-loss waveguides. 

10 This exemplary embodiment illustrates the case where in-situ sample heating is 

performed on a sample designed for a low loss waveguide application. Extended cavity 
lasers, which consist of active regions integrated with passive low-loss waveguides, were 
fabricated to demonstrate to the integration capability of the TAIVID process, and its ability 

v3 to produce low- loss waveguides, 

cn 

13 In this exemplary embodiment, the extended cavity lasers (ECLs) were fabricated on 

l^l a InGaAs-InGaAsP material with a layer structure similar to the First Exemplary Process of 
= Section A. The bandgap of the passive waveguide layers were widened using an indirect well 
Cj TAIVID process. 

^ A 1 .5 micron thick Si02 implant mask was first defined over the laser active regions, 

W leaving gaps of between 200 and 1200 microns for the extended cavities by varying the 

implant mask pattern. Then 400 keV P"^ ion implantation at 200± 20 °C was carried out and 
followed by annealing the samples at 650 °C for 120 seconds. Subsequently, the InGaAs and 
InGaAsP highly-doped metal contact layers over the passive sections were removed by wet- 
etch using H3SO4 : H2O2 : H2O in 1 : 8: 40 ratio. The removal of the highly doped contact 

25 layers can minimize current spreading into the passive areas and the absorption of light in 
these sections. The Si02 implant mask was then removed using buffered HP etch. A good 
surface morphology was obtained after the removal of the Si02 layer. A 300 nm thick layer 
of Si02 was then deposited and 30 micron stripe windows were then opened. A p-contact 
was then defined over the laser active sections using a lift-off technique. The sample was 

30 thinned down and the n-metal contact was deposited prior to metal contact annealing at 360 
for 60 seconds. The devices were then cleaved to give a 500 micron long active region 
with the passive region of 500 microns in length. 
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The waveguide loss measurements for the ECLs were calculated using the formula: 

wiiere lex and Inor are the threshold currents of extended and all-active devices, Oe and Le are 
the absorption coefficient and the length of the passive cavity region, La is the length of the 
active region, n is the number of quantum w^ells, F is the optical confinement factor, and go is 
the gain factor. An estimated value of nFgo of 30 cm'^ was used. The active 500 micron 
lasers had a threshold current of 208 mA and the extended cavity laser, with an active cavity 
of 500 microns and a passive waveguide of 500 microns, had a threshold current of 220 mA. 
From the equation above, the loss in the passive section is calculated to be 1.68 cm"\ 

F. Fifth exemplary process for achieving well-controlled wavelength (bandgap 
energy) shifts and for manufacturing photonic integrated circuits. 

This sixth exemplary process embodiment illustrates the case where the in-situ sample 
heating is performed on a sample designed to make a photonic integrated circuit that includes 
a plurality of devices. The TAIVID method is used in this process to shift two or more 
different areas on a wafer to several different emission/absorption wavelengths, resulting in a 
plurality of active and passive photonic devices integrated on a single substrate. The active 
devices include lasers, optical intensity modulators, optical phase modulators, optical 
switches, optical amplifiers, optical saturable absorbers, optical pulse reconditioner, optical 
wavelength converter, phosistors (photon transistors), variable optical attenuators, tunable 
filters or resonators, and optical detectors. The passive optical devices include optical 
waveguides, optical gratings, optical splitters, optical beam couplers, multimode interference 
devices, optical polarizer, optical polarization beam splitter, optical wavelength filters and 
optical resonators (in the form of ring, disk, or linear configurations). 

FIG. 9 depicts an exemplary photonic integrated circuit that includes a low-loss 
waveguide, a 1x2 multi-mode interference (MMI) couple, an optical amplifier and an optical 
modulator. This exemplary photonic integrated circuit can be used to perform a 1x2 optical 
switch. 
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In this exemplary photonic integrated circuit, the light power entering from the single 
mode waveguide wgl 1011 will be split into 50% portions and exists from wg2 1015 and 
wg3 1017 after traveling through the MMI 1013 section. Without applying a reverse bias, 
OAl 1018 and OA2 1019 in wg2 1015 and wg3 1017 of the 1x2 MMI optical switch are 
5 transparent to the input wavelength. Light, with power equal 50% of the input power each, 
will exit from wg2 1015 and wg3 1017. No light will exist from waveguide wg2 1015 if 
OAl 1018 is reversed bias, i.e. when the medium is absorptive. Similarly, light will be 
absorbed and no light will exist from wg3 1017 if OA2 1019 is reversed bias. This photonic 
integrated circuit can therefore serve as a 1x2 optical switch, switching the input light from 
10 one port to another by controlling the biasing conditions of the optical absorber OAl 1018 
and OA2 1019. To provide gain to the optical signal, amplifiers Ampl 1030, Amp 2 1033, 
and Amp3 1035 are integrated into the input and output waveguides respectively. 

^ For this exemplary device, the width of the single mode waveguides wgl 1011 is 

s s 

iff dwgl=3 jam, wg2 1015 is dwg2=3 |am, and wg3 1017 is dwg3=3 jam. The lengths of the 

^ waveguides are not critical to device operations. The length of the MMI is LMMI=190 \im 
and its width is dMMI= 8 |am. The length of OAl 1018 is LOAl=250^m and OA2 1019 is 

C3 LOA2=250)xm, and the length of the optical amplifiers Ampl 1030 is LAmpl=100 |am, 

ry Amp2 1033 is LAmp2=100 )im, and Amp3 1035 is LAmp3=100 |im. The two output arms 

to are separated by a spacing of twg23=4 )im. 

In order to provide gain to the input wavelength, the optical amplifiers should, 
preferably, be formed of a material with peak absorption wavelength close to the input 
wavelength. This implies that three bandgap energies are required for the exemplary 
25 photonic integrated circuit (PIC), i.e., optical amplifiers with bandgap energy similar to the 
input wavelength, passive waveguide/splitter with bandgap energy higher than the input 
wavelength, and a modulator with a bandgap energy between that of the optical amplifier and 
that of the passive splitter. 

30 FIGs. lOA-lOH illustrate steps of an exemplary fabrication process to form the three 

bandgap PIC of FIG. 9 using a process according to the present invention. Each of the steps 
of this exemplary fabrication process are described in detail below. 
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Step 1 : Sample A of Table 2 above is deposited with a td thick layer of dielectric D 
1111, preferably, using plasma-enhanced chemical vapor deposition (PECVD) (see Figure 
12 A). In the exemplary structure, td = 900 nm, and the dielectric D 1 1 1 1 can be, for example, 
Si02 (Silicon Dioxide), SixNy (Silicon Nitride) or Six(NO)y (Silicon Oxy-Nitride). The 
thickness of this layer is predetermined so as to totally block ions from penetrating into the 
sample. For this exemplary embodiment, dielectric D 1111 is taken to be Si02. 

Step 2: Three different thicknesses of an SiOi mask are required to control point 
defect concentration and result in three different bandgaps after QWI. Three different 
thickness of Si02 mask can be obtained, for example, by repeating photolithography and 
etching process steps. To achieve this, the sample is first coated with a layer of resist 1113 
and photolithography defined to provide windows where the bandgap is to be timed (e-beam 
lithography can also be used). Resist 1113 acts as etch-mask to open the dielectric 1111 
window by wet or dry-etching of the dielectric D 1 1 1 1 layer. In this exemplary process an 
HF or HF-based solution can be used as wet etchant to remove the dielectric D layer 1111. 
Alternatively, a standard plasma etching method can be used to dry etch the Si02. FIG. IOC 
shows a schematic drawing of the sample after lithography, the dielectric 1111 etching, and 
the photoresist removal using acetone solution. 

The above described lithography and the etching processes are repeated to create a 
pattemed Si02 mask layer with different thickness on selected areas. For this exemplary 
embodiments, they are 0 nm on the passive waveguide and MMI regions, 500 nm on the OAl 
and OA2 regions, and 900 nm on the amplifier region. The results are shown schematically in 
FIG. IOC, where the left side represents the regions with the resultant 900nm thick Si02, the 
right side represents the regions with the resultant 500nm thick Si02, and the middle 
represents the regions with the resultant Onm thick Si02 (i.e. without Si02). 

Step 4: After the Si02 mask formation, the sample is subjected to the ion implantation 
step (FIG. lOD). Point defects and ions are introduced into the semiconductor material by 
exposing it to ion flux 1121 generated by an ion implanter (FIG. lOD). The sample is thereby 
implanted with an impurity ion Imp using an implantation energy Eimpt, implant dose Id at a 
sample in-situ heating temperature of Tg. The sample is tilted to an angle of Oimpt during ion 
implantation. Exemplary implant conditions for a low spatial resolution process are Eimpt= 
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360 keV, Id^lO"'"^ cm"^, and Ts= 200 "^C. A shallow implanted layer 1 123 will form in the 
semiconductor material where the windows were opened prior to ion-implantation. The 
regions masked with 900 nm of the dielectric layer 1111 will be protected from being 
damaged by the ion flux 1121 during the ion-implantation process, whereas the regions 
masked with 500 nm and 0 nm of the dielectric layer 1111 will be partially exposed to the 
implanted ions and full exposed to the implanted ions, respectively. FIG. lOD is a schematic 
illustration of the sample during the ion implantation process. 

Step 5: Dielectric implant-mask 1111 is removed (FIG. lOE). A fresh layer of 
dielectric layer D2 1 125 with thickness U2 is then deposited everywhere on the wafer 1150, 
preferably using PECVD (FIG. lOF). In this exemplary process, the preferred thickness of 
D2 1 125 is td2 = 200 nm Si02. This layer will act as an annealing cap to minimize group V 
elements out-diffusion during the subsequent high temperature annealing cycle. 

Step 6: A thermal annealing process step is carried out, preferably, using a rapid 
thermal processor (RTF) to promote QWI. The preferred purge gas for an RTF system is 
nitrogen. To further reduce the out-diffusion of group V elements (e.g.. As and P for a III-V 
semiconductor material), the sample is annealed under a group V, preferable arsenic, 
overpressure ambient. This is achieved by sandwiching the sample between two fresh pieces 
of GaAs wafers. The sample is annealed at temperature Tnp, for time tnp using an RTF to 
bandgap tune quantum well structure 1 150. In this exemplary process, the RTF conditions 
are Trtp= 650 °C and trtp= 120 s. The annealing process is, preferably, carried out at a 
temperature just below the thermal stability temperature of the QW structure. In the present 
invention, the thermal stability temperature is defined as the threshold annealing conditions 
(namely, temperature and time) at which no blue wavelength shift occurs in an un-implanted 
quantum well sample after annealing. 

Step 7: As the degree of QWI is dependent on the ion implantation dose, multiple 
bandgap energies across a substrate can be obtained after a single ion implantation and 
annealing step using the masking technique described above. Three bandgaps, with a 
stepwise increase in the degree of QWI from the thickest to the thinnest Si02 pattemed mask 
region, 1 105, 1 125, 1 127, as illustrated in FIG. lOG, will be obtained after the QWI step. 
FIG. 1 OH is a plot illustrating the bandgap energy, Eg, as a function of position, x, for the 
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substrate after the TAIVID process. Three distinct bandgap energies corresponding to 
regions with three different vacancy concentrations as illustrated in FIG. lOH will be 
obtained after the bandgap tuning process. 

After QWI, additional processing steps that required for the fabrication of the exemplary 
device 1010 are summarized as follows: 

(i) The Si3N4 film is removed using HF solution. 

(ii) A 200 nm Si02 film is deposited. 

(iii) The MMI, the optical absorber and the semiconductor optical amplifiers patterns 
are transferred to the Si02 film using, for example, CF4/O2 dry plasma etching. 

(iv) Device patterns are subsequently transferred into the quantum well material by 
removing the III-V semiconductor material using a SiCU or CI2 dry plasma 
etching technique. An etched depth of 1.3 |am can be used in this step. 

(v) Polyimide is then deposited to planarize the wafer. 

(vi) Lithography and polyimide etching (using, for example, O2 plasma dry etching) is 
carried out to define the p-metal contact pad on the optical absorber, i.e., OAl 
1018 and OA2 1019 for MMI switch 1010. 

(vii) P-metal contact, e.g., Ti/Au (20 nm/2000 nm), is evaporated and lifted off. 

(viii) The sample is thinned to about 80 [xm using both dry and wet etching. 

An N-metal contact, using Au/Ge/Au/Ni/Au (20 nm/20 nm/20 nm/20 nm/2000 nm), is then 
evaporated on the substrate. 

The specific device dimensions described above are for the purpose of illustration 
purpose and not limitation as would be clear to those skilled in the art. With the above 
exemplary processes, it would be known to those skilled in the art that these processes can be 
similarly aplied to integrate other quantum-well based photonic devices involving different 
quantum-well bandgap energies on a single wafer. 

The devices are ready to be scribed into die for testing and packaging after a metal 
annealing step at 360 °C for 60 seconds using an RTF. 

It should be understood that various alternatives to the embodiments of the invention 
described herein may be employed in practicing the invention. It is intended that the 
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following claims define the scope of the invention and that methods and structures within the 
scope of these claims and their equivalents be covered thereby. 
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